The charge recombination dynamics of excited donor-acceptor complexes consisting of hexamethylbenzene (HMB), pentamethylbenzene (PMB), and isodurene (IDU) as electron donors and tetracyanoethylene (TCNE) as electron acceptor in various polar solvents has been investigated within the framework of the stochastic approach. The model accounts for the reorganization of intramolecular high-frequency vibrational modes as well as for the solvent reorganization. All electron-transfer energetic parameters have been determined from the resonance Raman data and from the analysis of the stationary charge transfer absorption band, while the electronic coupling has been obtained from the fit to the charge recombination dynamics in one solvent. It appears that nearly 100% of the initially excited donor-acceptor complexes recombine in a nonthermal (hot) stage when the nonequilibrium wave packet passes through a number of term crossings corresponding to transitions toward vibrational excited states of the electronic ground state. Once all parameters of the model have been obtained, the influence of the dynamic solvent properties (solvent effect) and of the carrier frequency of the excitation pulse (spectral effect) on the charge recombination dynamics have been explored. The main conclusions are (i) the model provides a globally satisfactory description for the IDU/TCNE complex although it noticeably overestimates the spectral effect, (ii) the solvent effect is quantitatively well described for the PMB/TCNE and HMB/TCNE complexes but the model fails to reproduce their spectral effects, and (iii) the positive spectral effect observed with the HMB/TCNE complex cannot be described within the framework of two-level models and the charge redistribution in the excited complexes should most probably be taken into account.
I. Introduction
Photoexcitation in the charge-transfer band of donor-acceptor complexes (DACs) triggers a series of processes shown in the following scheme:
where hν indicates the photoexcitation of the ground-state complex (DA) leading to the population of the excited (charge separated) state (D + A -), k CR is the charge recombination (CR) rate constant, and is the free ion quantum yield. Since charge recombination of excited DACs in polar solvents is in most cases ultrafast, 1-9 the free ion quantum yield is negligibly small.
Investigations of ultrafast CR have uncovered the substantial role of nuclear nonequilibrium in such processes. [9] [10] [11] [12] [13] Indeed, in ultrafast CR the nonequilibrium initial nuclear state produced by the pump pulse relaxes in parallel with its chemical transformation, so that the reaction proceeds in a nonequilibrium regime. In this case, a dependence of the effective CR rate constant on the excitation pulse carrier frequency (the spectral effect) may be expected. Both experimental and theoretical investigations have shown the spectral effect to be relatively small but still reliably observable. [14] [15] [16] [17] The second important peculiarity of ultrafast CR in excited DACs is the absence of the normal Marcus regime, that is, the regime where the rate constant increases with increasing the reaction driving force provided the latter is smaller than reorganization energy. Indeed, a monotonous decrease of the CR rate with driving force has experimentally been observed and reported in a series of papers by Mataga and cowokers. [1] [2] [3] This measured dependence can however not be explained within the standard equilibrium nonadiabatic Marcus theory that predicts a bell-shaped dependence of the rate on the CR driving force. Nevertheless, such a non-Marcus behavior was explained later within the framework of both equilibrium FrantsuzovTachiya theory, 18 where CR is assumed to be a transition between the excited and ground adiabatic electronic states of the DAC induced by the nonadiabaticity operator and the nonequilibrium nonadiabatic theories accounting for transitions to a number of vibrational sublevels of the ground electronic state involving high-frequency modes. 9, 19 The third feature of ultrafast CR is the important role of intramolecular modes. 11, 12, [20] [21] [22] It has been known for a long time that these modes can increase the rate constant of highly exergonic electron-transfer reactions by several orders, but on the other hand, they can even suppress the rate of weakly exergonic reactions. This however is only true for thermal reactions. It was recently shown that high-frequency vibrational modes can also profoundly accelerate weakly exergonic nonequilibrium CR. 12, 19, 23 In these reactions, the initial excitedstate wave packet passes during its relaxation through the multiple term crossings undergoing hot transitions at each of them, so the wave packet may disappear before its equilibration. This leads to a great reduction of the CR time constant. An important feature of this model is that the CR dynamics are predicted to be nearly exponential in accordance with the majority of experimental data and in contrast to most nonequilibrium theories.
It should also be noted that there is a pronounced dependence of the effective CR rate constant on the dynamic characteristics of the solvent even in cases when the shape and maximum of the charge transfer absorption band varies very weakly with the solvent. 17 The last experimental fact is an indication that the medium reorganization energy is practically independent of the solvent and, hence, the solvent effect is mainly due to dynamic solvent properties. In spite of the fact that very detailed experimental and theoretical explorations of the CR kinetics have been performed with a large number of DACs, there are still several unresolved issues regarding the mechanism of ultrafast CR of excited DACs. One of the most important questions is the reaction regime that is realized in a specific DAC. Indeed, a successful quantitative description of the CR rate constants can be obtained both in the weak 9,11,12,2 and the strong electronic coupling limits. 6, 18 This fact clearly indicates that a good fit to the experimental rate constants within the framework of a specific theory is not a reliable evidence of its validity. A more rigorous test of the model should include the reproduction of at least a few dependencies of the rate constants on parameters that can be varied over a sufficiently large range.
Recently, the ultrafast CR dynamics of a series of the DACs consisting of hexamethylbenzene (HMB), pentamethylbenzene (PMB), and isodurene (IDU) as electron donors and tetracyanoethylene (TCNE) as electron acceptor in the series of polar solvents acetonitrile (ACN), valeronitrile (VaCN), and octanenitrile (OcCN) characterized by a more than tenfold increase of the diffusional relaxation time have been experimentally investigated. 17 The effective CR time constants of all DACs have been shown to decrease markedly with the diffusive relaxation time of the solvent. For the sake of brevity, this dependence will be called hereafter the solvent effect. In slowly relaxing solvents, the effective CR rate constant in some DACs was also found to depend on the excitation wavelength, that is, to exhibit a spectral effect. It has been found that the solvent effect was very similar for all three DACs investigated, while the spectral effect was DAC dependent. In VaCN, the spectral effect, measured between 480 and 620 nm, was negative (decrease of the CR rate with increasing excitation pulse frequency) with IDU/TCNE, positive with HMB/TCNE, and vanishingly small with PMB/TCNE. 17 The main aim of this paper is to reproduce within the framework of a single model (i) the charge transfer absorption band, (ii) the CR dynamics for a single excitation pulse carrier frequency in a single solvent, (iii) the spectral effect, and (iv) the solvent effect. All free parameters of the model will be fixed during the two initial steps i and ii. As a consequence, steps iii and iv will be serious tests of the model.
II. The Model
The description of ultrafast charge recombination of DACs in a polar solvent is commonly based on the assumption that only two electronic states of the complex participate in the charge separation and recombination processes: the neutral ground state |g〉 and the excited ionic state |e〉. The system, initially in the ground state with a thermal distribution of nuclear coordinates, is transferred to the excited state |g〉 f |e〉 by a short pump pulse (see Figure 1 .)
The distribution of the population transferred on the excitedstate surface depends on the spectral characteristics of the pump pulse, an example being illustrated in Figure 1 . The population of this state, being in nonequilibrium, is subjected to a series of relaxation processes: the reorganization of solvent and intramolecular vibrational degrees of freedom are of primary importance among them. 24 Defining the reaction coordinate of CR as a difference between the corresponding energy levels ∆E(t) ) E g -E e , one can describe the solvent relaxation through the autocorrelation function K(t) ) 〈∆E(t)∆E(0)〉. 25, 26 For the Debye model of solvent relaxation, this function is written in the form 25 where E rm is the solvent reorganization energy, k B is the Boltzmann constant, T is the temperature, X(t) ) e -t/τ L, and τ L is the longitudinal dielectric relaxation time. The exponential form of K(t) implies that the relaxation process is Markovian. In this case, the motion along the reaction coordinate is diffusive and can be described by the Smoluchowski operator.
The real solvents are characterized by several relaxation time scales. These time scales are attributed to different relaxation modes corresponding to distinct types of motions of the solvent molecules. If the relaxation modes are independent as usually assumed, then the autocorrelation function K(t) is a sum of contributions from each mode.
Using the Markovian approximation for all solvent modes, one can write K(t) in the same form as in eq 2.1 but with the solvent relaxation function, X(t), as a sum of exponentials 27, 25 Here, x i ) E ri /E rm , τ i , and E ri are the weight, the relaxation time constant, and the reorganization energy of the ith medium mode, respectively; E rm ) ∑ E ri , and N is the number of solvent modes. 
However, in real polar solvents, the exponential stage of the autocorrelation function decay is only achieved at long times. A considerable part of decay is not diffusive but rather inertial. [28] [29] [30] [31] The initial relaxation, being inertial in nature, is described with a Gaussian autocorrelation function x 1 e -(t/τ 1 ) 2 . In this case, the solvent relaxation function becomes X(t) ) x 1 e -(t/τ 1 ) 2 + ∑ 2 N x i e -t/τ i. The exponential and Gaussian correlations reflect essentially different types of motion along the reaction coordinate that can lead to a difference in the reaction dynamics. In the case of strong electron transfer, this difference can be substantial. However, in the case of weak electron transfer when the Golden rule is applicable, the reaction rate constant does not depend at all on the dynamic properties of the solvent. For the systems considered here, the excitation pulse produces a wave packet in the region of extremely weak sinks. In this case, one might expect the CR dynamics at the initial relaxation stage to depend on the inertial mode time scale but not on the particular type of the motion along the reaction coordinate. This allows the whole relaxation process to be described in terms of several diffusive modes. Henceforward, we shall approximate the solvent relaxation function with eq 2.2.
The diabatic free energy surfaces for the electronic states along the coordinates Q i are
where Ω R is the frequency of the Rth intramolecular quantum mode, n R (n R ) 0, 1, 2, ...) is the quantum number of Rth mode (the number of vibrational sublevels), and ∆G CR is the CR free energy. The terms intersect along the lines
Obviously, the quantity z n † may be considered as a position of a sink along the reaction coordinate Q ) ∑ Q i . Although this position is determined by the set of quantum numbers {n R }, the sinks can be numbered. It implies that the set {n R } is mapped in a one-to-one way onto the set of whole numbers n. The correspondence is fixed by the inequality z n † < z n+1 † . Thus, we are led to the problem of nonequilibrium electronic transitions. This is a long-standing problem which has been already addressed from different points of view. 10, 14, 32, 44 Here, we need an approach which could allow the CR dynamics to be simulated in the case of strong electron transfer when the nonthermal electron-transfer probability is significant. The stochastic point-transition approach 25 generalized to a multilevel system is well-suited to this goal.
Within this approach, the temporal evolution of the system can be described by a set of differential equations for the probability distribution functions for the excited state F e (Q,t) and for the nth sublevel of the ground state F g (n) (Q,t)
where Q stands for the vector with components Q 1 , Q 2 , ..., Q N , and L g and L e are the Smoluchowski operators describing diffusion on the U g and U e potentials with 〈Q i 2 〉 ) 2E ri k B T being the dispersion of the equilibrium distribution along the ith coordinate. The coupling parameters k n (Q 1 ,Q 2 ,...,Q N ) are the Zusman rates of electron transfer between the excited state |e〉 and the nth vibrational sublevel of the ground state |g〉 where F n is the Franck-Condon factor, S R ) E rVR /pΩ R and E rVR are the Huang-Rhys factor and the reorganization energy of the Rth high-frequency vibrational mode, respectively. The index n' R stands for the set of quantum numbers n' R ) {n 1 ,n 2 ,...n R + 1,...}. We adopt here a single-quantum mechanism of highfrequency mode relaxation and the transitions n R f n R -1 proceed with the rate constant 1/τ V (n R ) . Naturally, the ground vibrational state is stable, and the equation τ V (0) ) ∞ must be fulfilled. In particular, this condition is met for the model τ V (n R )
) τ V (1) /n R . The relaxation rate of the nth level is determined by the equation
To specify the initial conditions, we assume that the pump pulse has a Gaussian form and its duration τ e is short enough to consider the medium frozen during excitation. This allows us to obtain the following general expression for the initial probability distribution function on the excited term 15 where
) pω e + ∆G CR -E rm -∑ R n R pΩ R , and Z is a normalization factor. Equation 2.11 shows the initial distribution, F e (Q, t ) 0), to be affected both by the excitation pulse carrier frequency, ω e , and by the duration of the pumping pulse τ e . This is clearly illustrated by Figure 1 where we display two initial distributions
(2.10)
calculated for the different excitation wavelengths 620 nm (red line) and 480 nm (blue line) used in the experiments. 17 We adopted here a model with a single high-frequency mode and the following set of parameters obtained from the fit to the charge transfer absorption band of the HMB/TCNE complex: E rm ) 0.53 eV, ∆G CR ) -1.74 eV, S ) 2.72, pΩ ) 0.17 eV, and τ e ) 0.10 ps. One can see a significant shift of the packets gravity centers along the reaction coordinate, as well as the internal pattern of the packets themselves. In fact, this pattern reflects the discreet energetic structure of the excited-state vibrational sublevels, and the peaks correspond to the excitation of a certain number of vibrational quanta. This structure is washed out both with increasing the number of active vibrational modes and with decreasing the pulse duration, τ e , because of peaks overlapping. The shift of the wave packet centers has however a different physical origin and is almost independent of the number of vibrational modes. The set of eqs 2.4 with the initial condition eq 2.11 was solved numerically using the Brownian simulation method. 15, 45 We run 10 5 trajectories in order to obtain the necessary convergence of the results.
III. Simulation Results and Discussion
Fit to the Stationary Charge Transfer Absorption Band. In this section, the well-known fact that the CR of excited DAC is the reverse process to the charge-transfer excitation is used. This allows wealthy information on the CR parameters to be obtained from the charge-transfer absorption band spectrum. 6, 7, 11, 46, 47 The absorption spectrum was first analyzed with a model including a single accepting intramolecular mode of high frequency. The medium reorganization energy, the reaction free energy, the frequency, and the reorganization energy of the quantum mode were adjustable parameters. It appeared that different sets of parameters result in fits of the same quality. The only way to circumvent this difficulty was to reduce the number of free parameters. For example, the resonance Raman spectrum contains information on the intramolecular vibrational frequencies and their Franck-Condon factors. In ref 6 , all parameters pertaining to the HMB/TCNE DAC were obtained from its resonance Raman spectrum and the fit to its stationary charge transfer absorption band. The same approach was applied here to the IDU/TCNE and PMB/TCNE DACs. Within the framework of the model used in this paper, the charge transfer absorption band is determined by the equation 5, 11 where E r ) E rm + E cl and E cl is the reorganization energy of the intramolecular classical vibrational modes pΩ R < k B T. The fit of eq 11 to the experimental charge transfer absorption bands with the resonance Raman data (intramolecular frequencies Ω R and relative values of the Huang-Rhys factors S R ) allows E r , ∆G CR , and the absolute values of S R to be determined.
The resonance Raman spectra of IDU/TCNE and PMB/TCNE have been measured in dichloromethane using two different experimental setups. In one case, the 568.2 nm line of a Ar/Kr laser was used; the sample solutions were located in a 1 cm quart cell, and the Raman signal was collected in backscattering geometry and dispersed with a Spex 1404 monochromator
resolution, has been described in detail elsewhere. 48 The frequencies of the Raman lines were the same with both experimental setups, the only difference being that the DACto-solvent band intensities were substantially larger upon 568.2 nm irradiation, in agreement with the resonance effect. The resonance Raman spectrum of HMB/TCNE in carbon tetrachloride has been borrowed from refs 49 and 50. The resonance Raman intensities were supposed to be proportional to the Huang-Rhys parameters.
It should be noted that all Raman active modes have to be divided into two groups: the classical modes pΩ R < k B T and the quantum modes pΩ R > k B T. Only the total reorganization energy of all classical modes, namely, the sum of the intracomplex and the solvent reorganization energies, can be determined from the fit. Ten active quantum modes were found for each DAC. A single classical mode with frequency pΩ 11 ) 0.021 eV was extracted from the resonance Raman spectrum of HMB/TCNE and a total reorganization energy of 0.03 eV was obtained. 50 With both IDU/TCNE and PMB/TCNE, this mode was found at pΩ 11 ) 0.020 eV with a small reorganization energy of 0.020 eV.
The charge transfer absorption spectra of the IDU/TCNE and PMB/TCNE DACs are known to consist of two overlapping bands originating from the splitting of the two highest occupied molecular orbitals (HOMO) of the donors. 51, 52 This splitting is very small and was set to 0.15 eV in the fit. The intensities of the two bands were supposed to be equal. In this case, the absorption band is approximated by the sum of two equations of the type of eq 11 differing only by the value of ∆G CR (the difference in the free energies is equal to the band splitting).
On the other hand, the charge transfer absorption band of the HMB/TCNE DAC is most probably due to a single transition. 6, 52 The results of the fit to the absorption spectra are depicted in Figure 2 , and the corresponding parameters as well as the frequencies of the Franck-Condon active modes are listed in Table 1 . Our data for HMB/TCNE are slightly different from those obtained in ref 6 because of a different handling of the intramolecular mode with frequency pΩ 0 ) 0.021 eV, which is considered here to be classical.
The quality of the fit of eq 11 to the absorption spectra is excellent for all DACs. Moreover, a special investigation has shown the set of resulting parameters to be unique.
Simulation of the Charge Recombination Dynamics. All simulations were performed at room temperature, T ) 300 K, and the relaxation time constants of all quantum vibrational modes with n * 0 were the same and equal to τ V (n) ) 150 fs. The dynamic parameters of the solvents are listed in Table 2 . The single unknown parameter, V el , has been determined for each complex from the fit to the CR dynamics in VaCN upon 530 nm excitation. An example of such a fit for IDU/TCNE in VaCN is illustrated in Figure 3 . The most important parameters obtained in the simulations are listed in Table 3 together with the experimental data 17 for comparison. The nonexponentiality parameter s was calculated from the fit of the decay of the DAC excited-state population, P(t), to the trial function For s < 1, this function is known as the stretch exponential function. It is widely used to describe systems exhibiting relaxation occurring on a large range of time scales. 53 The effective CR time constant was determined with the equation
The spectral effect is defined here as where the superscript indicates the excitation wavelength in nanometers.
Electronic Coupling. The electronic couplings associated with all DACs are rather close to each other (see Table 3 ). This result is natural considering the similarity of the three complexes and the fact that the intensities of their charge transfer absorption bands are nearly equal. It should be noted that other estimates of this quantity have been reported in refs 6 and 54 and are rather close to that obtained here.
Naturally, the large value of the electronic coupling V el ) 0.143 eV for HMB/TCNE raises a question about the applicability of the nonadiabatic model used in this paper. The formal applicability condition for the stochastic approach is V el < k B T. 44 However, one should keep in view that within the multi-sink model (eqs 2.4 and 2.5) this large value of V el is not actually concentrated at a single intersection point but rather "spread" over a large number of term intersections, where these couplings are effectively suppressed by the Franck-Condon factors F n (eq 2.8). To illustrate the importance of these factors in ultrafast charge recombination, we have pictured in Figure 4 the values of F n and the probabilities of nonthermal electronic transition through the corresponding sinks, Y n , for the HMB/ TCNE complex. The figure shows all probabilities, Y n , to be less than 0.025. Such small values of Y n provide evidence that the transitions proceed in the nonadiabatic regime. Notice, for larger values of the electronic coupling, when the solventcontrolled regime is reached, the magnitudes of Y n should, at least, be larger by a factor of 10. 13 Analysis of the data presented in Figure 4 shows that about half of all electronic transitions proceed through the sinks with F n smaller than 10 -4 , which are located rather far from the most effective sinks. The maximal values of the hot transitions probability are achieved at the sinks with F n = 10 -4 . Upon further motion, the wave packet passes through more effective sinks with smaller n and considerably larger magnitudes of F n . However, the occupation of the corresponding sublevels goes down due to the depopulation of the excited state. The transitions are practically terminated when the wave packet reaches the sinks with n ≈ 2300 and F n ) 5 × 10 -4 . As a consequence, the wave packet never reaches the bottom of the excited-state well which is located near the sink with n ) 2024; that is, all transitions proceed in nonthermal regime. The effective electronic couplings for all sinks actually participating in the nonthermal transitions is V n < 0.0032 eV, justifying the applicability of the model used. For the IDU/TCNE and PMB/ TCNE complexes, the maximum values of V n are even smaller. The above results pronouncedly provide evidence for the crucial role of the reorganization of the intramolecular highfrequency vibrational modes in ultrafast CR of excited DACs. This is conditioned by a large number of active intracomplex vibrational modes that result in a huge number of weak sinks on the excited-state free energy surface. Despite the sinks weakness, the total transition probability approaches unity because of their vast number. Simulations have shown that about 3000 vibrational sublevels of the ground state are populated.
Nonexponentiality Parameter. The theory considered in this paper predicts this parameter to be s > 1 in full accord with the experimental data. Various simulated trends of the nonexponentiality factor behavior are in good qualitative agreement with the experimental observations. For example, theory predicts an increase of the nonexponentiality factor with the decrease of the excitation wavelength, as found experimentally. However, the values of the nonexponentiality parameter obtained from the theoretical simulation are considerably larger than those found in the experiments. The theoretical values in ACN and OcCN are overestimated by a factor 1.2-2. A satisfactory quantitative agreement between theoretical and experimental data is only found in VaCN.
Solvent Effect. A good correlation between experimental and calculated results is obtained with IDU/TCNE in all solvents. With PMB/TCNE and HMB/TCNE on the other hand, the model describes correctly the variation of the effective time constant in ACN and VaCN but overestimates it noticeably in OcCN.
In the simulations, the relative weights of the fast (inertial) and slow (diffusive) components in ACN and VaCN were set to x 1 ) x 2 ) 0.5. With such parameters, the CR time constant in OcCN is considerably underestimated. After having changed these parameters to x 1 ) 0.23 and x 2 ) 0.77, the solvent effect observed experimentally with the CR of IDU/TCNE upon 530 nm excitation could be well reproduced by the simulations in all three solvents. Table 3 shows that there is also a really good accordance with the experimental data for PMB/TCNE and HMB/TCNE in ACN and VaCN. However, the CR time constant in OcCN is overestimated by a factor of 1.2-1.4.
In this work, the energetic parameters of the electron-transfer obtained from the fit to the stationary charge-transfer absorption band in ACN are supposed to be the same in all three solvents. This assumption may be incorrect for OcCN, which is markedly less polar than ACN and VaCN. Because of this, the driving force for CR in OcCN is most probably substantially larger than in the other solvents, and thus, CR might be intrinsically slower. Therefore, this difference, which has not been taken into account in the model, may play an important role in the solvent effect and perhaps in the spectral effect as well.
Spectral Effect. Only the spectral effect measured with IDU/ TCNE could be correctly reproduced by the theoretical simulations. However, φ is overestimated by a factor 2.75 in VaCN and by an even larger value in the other solvents. Obviously, the theory is not applicable for describing the spectral effect with PMB/TCNE and HMB/TCNE. It even predicts an incorrect sign of the spectral effect for HMB/TCNE. Despite this, the model reproduces correctly the increase of φ by going from IDU/TCNE to PMB/TCNE and to HMB/TCNE.
It is known that the charge transfer absorption of HMB/TCNE can be complicated by the presence of two transitions involving the degenerate HOMOs of HMB. 55 This HOMO degeneracy in free HMB is expected to be broken upon complexation with an acceptor. In this case, the HMB/TCNE charge-transfer spectrum should consist of two transitions with a small energy splitting. In the calculations, a value of 0.15 eV has been used for the energy splitting. We tried to reproduce the positive spectral effect measured with the HMB/TCNE complex by supposing that the charge-transfer band includes two transitions of different intensities and that these intensities are proportional to the square of the electronic coupling of the corresponding transition. Although the quality of the fit to the absorption spectrum appeared to be good with various intensities of the transitions, the positive spectral effect could not be reproduced. Moreover, this two-band model led to much larger values of the electronic coupling, in contradiction with the experimental data which indicates that the electronic coupling for HMB/TCNE is close to that of IDU/TCNE and PMB/TCNE.
IV. Concluding Remarks
In this paper, we have attempted to reproduce the CR dynamics of excited DACs and the dependencies of the effective CR rate constant on both the solvent relaxation times and the excitation pulse carrier frequency within the framework of a nonadiabatic stochastic model. This model turned out to be globally satisfactory for the IDU/TCNE complex, although it noticeably overestimates the spectral effect. For the PMB/TCNE and HMB/TCNE complexes, the model has been able to predict the solvent effect correctly but has failed to reproduce the spectral effect. Even an incorrect sign of the spectral effect has been obtained for the HMB/TCNE DAC. This failure raises questions on the changes that have to be brought to the model to give a satisfactory prediction of the spectral effect in this case too. At first glance, the large value of electronic coupling V el ) 0.143 eV obtained for this complex indicates that the reaction proceeds in the strong electronic coupling regime; hence, the Frantsuzov-Tachiya model or its nonstationary generalizations could be more appropriate. However, there are two reasons why such models of the HMB/TCNE complex should be rejected. First, the effective electronic couplings are greatly reduced by the Franck-Condon factors for all controlling sinks so that the weak electronic coupling limit is realized. Second, the investigations of the strong electronic coupling model have shown that only negative spectral effects can be expected in this case. 16 The failure of the theory to describe the spectral effect can be elucidated if one takes into account experimental investigations by Mataga and co-workers. 56, 57 Their data suggest that the Franck-Condon state of the excited DAC is characterized by partial charge separation and evolves into a contact ion pair with full charge separation. This suggestion is also supported by the observation of an anomalous increases of charge-transfer oscillator strength with increasing the oxidation potential of the donor. This result is in contradiction with the predictions of the two-state model and was explained by the contribution from localized excited states. 58 In accord with this explanation, the Franck-Condon state has to be relatively weakly ionic and an increase of ionicity should be expected upon intracomplex relaxation. Significantly, smaller value of the electronic coupling between the emitting states relative to the absorbing states observed experimentally in HMB/TCNE complexes 55 reinforce this hypothesis. Furthermore, very recent femtosecond transient absorption measurements with a DAC composed of methylperylene and TCNE in polar solvents indeed reveal an early excited-state with an incomplete charge-transfer character. 59 So, a three-level scheme (the ground state, two excited states with partial and full charge separation) may thus be more realistic to describe CR. Naturally, whether the transformation of the Franck-Condon state into a contact ion pair can be described as a transition between two electronic states is questionable. However, an important consequence of this is that, contrary to a two-level model, a three-level model may exhibit a positive spectral effect in the Marcus inverted region, -∆G CR > E r , 60, 61 as observed for the HMB/TCNE complex.
The investigation described in this paper has shown that the model considered provides a qualitatively correct description of all experimentally observed trends but that there is a considerable quantitative disagreement. This result is rather natural because of some crudenesses in the model. Indeed, the simplest model of molecular vibrations has been used, neglecting the difference of the vibrational frequencies in the ground and excited electronic states, the Dushinski effect, and the anharmonicity of the vibrations. Each of these features can considerably change the value of the Franck-Condon factor for transitions with the creation of many vibrational quanta. 62 Since such transitions play a crucial role in the CR, a model taking all of these effects into account can be expected to better reproduce the experimental data.
